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RNA sequencing data from five forensically relevant body fluids (blood, menstrual blood, saliva, semen,
and vaginal secretion) over seven time points, ranging from fresh to 1.5 years. One set of samples was
stored indoors while another was exposed to outdoor conditions. In outdoor samples, we observed a
consistent compositional shift, occurring after 4 weeks: this shift was characterized by an overall increase
in non-human eukaryotic RNA and an overall decrease in prokaryotic RNA. In depth analyses showed
a high fraction of tree, grass and fungal signatures, which are characteristic for the environment the
samples were exposed to. When examining the prokaryotic fraction in more detail, three bacterial phyla
were found to exhibit the largest changes in abundance, namely Actinobacteria, Proteobacteria and
Firmicutes. More detailed analyses at the order level were done using a Lasso regression analysis to find
a predictive subset of bacterial taxa. We found 26 bacterial orders to be indicative of sample age. Indoor
samples did not reveal such a clear compositional change at the domain level: eukaryotic and prokaryotic
abundance remained relatively stable across the assessed time period. Nonetheless, a Lasso regression
analysis identified 32 bacterial orders exhibiting clear changes over time, enabling the prediction of TsD.
For both indoor and outdoor samples, a larger number (around 60%) of the bacterial orders identified as
indicative of TsD are part of the Actinobacteria, Proteobacteria and Firmicutes. In summary, we found
that the observed changes across time are not primarily due to changes associated with body fluid specific
bacteria but mostly due to accumulation of bacteria from the environment. Orders of these environmental
bacteria could be evaluated for TsD prediction, considering the location and environment of the crime
scene. However, further studies are needed to verify these findings, determine the applicability across
samples, replicates, donors, and other variables, and also to further assess the effect of different seasons
and locations on the samples.
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Time since deposition (TsD) 
A B S T R A C T   
Current body fluid identification methods do not reveal any information about the time since deposition (TsD) of 
biological traces, even though determining the age of traces could be crucial for the investigative process. To 
determine the utility of microbial RNA markers for TsD estimation, we examined RNA sequencing data from five 
forensically relevant body fluids (blood, menstrual blood, saliva, semen, and vaginal secretion) over seven time 
points, ranging from fresh to 1.5 years. One set of samples was stored indoors while another was exposed to 
outdoor conditions. In outdoor samples, we observed a consistent compositional shift, occurring after 4 weeks: 
this shift was characterized by an overall increase in non-human eukaryotic RNA and an overall decrease in 
prokaryotic RNA. In depth analyses showed a high fraction of tree, grass and fungal signatures, which are 
characteristic for the environment the samples were exposed to. When examining the prokaryotic fraction in 
more detail, three bacterial phyla were found to exhibit the largest changes in abundance, namely Actino-
bacteria, Proteobacteria and Firmicutes. More detailed analyses at the order level were done using a Lasso 
regression analysis to find a predictive subset of bacterial taxa. We found 26 bacterial orders to be indicative of 
sample age. Indoor samples did not reveal such a clear compositional change at the domain level: eukaryotic and 
prokaryotic abundance remained relatively stable across the assessed time period. Nonetheless, a Lasso regres-
sion analysis identified 32 bacterial orders exhibiting clear changes over time, enabling the prediction of TsD. For 
both indoor and outdoor samples, a larger number (around 60%) of the bacterial orders identified as indicative of 
TsD are part of the Actinobacteria, Proteobacteria and Firmicutes. In summary, we found that the observed 
changes across time are not primarily due to changes associated with body fluid specific bacteria but mostly due 
to accumulation of bacteria from the environment. Orders of these environmental bacteria could be evaluated for 
TsD prediction, considering the location and environment of the crime scene. However, further studies are 
needed to verify these findings, determine the applicability across samples, replicates, donors, and other vari-
ables, and also to further assess the effect of different seasons and locations on the samples.   
1. Introduction 
Analysis of biological evidence typically begins with a preliminary 
screening for the presence of biological material. Body fluids are 
commonly identified by chemical analyses, immunological assays, pro-
tein catalytic activity tests, spectroscopic methods and microscopy [1, 
2]. New methods include mRNA profiling [3–8], tissue specific DNA 
methylation [9–11], proteomics [12] and microbial analysis [13–16]. 
Current body fluid identification methods do not reveal any infor-
mation about the time since deposition (TsD) of biological traces. From a 
criminalistic point of view, estimation of when the crime was committed 
would be useful to determine the relevance of trace samples found at the 
scene, enable the verification of witnesses’ statements, limit the number 
of suspects, and help corroborate alibis [17]. In recent years, several 
techniques for TsD determination of blood stains have been explored 
[17,18]. These techniques include spectroscopy, chromatography, and 
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electron spin resonance. These methods are promising for blood traces, 
but limited to colored stains and thus not easily transferred to other, 
white or nearly colorless traces such as saliva, semen, or vaginal fluid. 
Several attempts have been made to estimate TsD based on RNA 
analyses. Most often, degradation patterns of different human 
messenger RNA (mRNA) and ribosomal RNA (rRNA) transcripts in blood 
were monitored [18–21]. Bauer et al. [19] showed that mRNA could be 
analyzed from blood samples which were 15 years old, and found that 
mRNA degradation levels differ significantly among samples of different 
ages. Anderson et al. [18,20] focused on transcripts of two housekeeping 
genes, ß-actin and 18S-rRNA, and found that the relative degradation 
patterns of these as examined through quantitative PCR (qPCR) could be 
used to estimate the age of blood stains. An optimized qPCR approach 
involving the quantification of small and long fragments within ß-actin 
mRNA and 18S-rRNA allowed to distinguish fresh from 6-day old blood 
samples, and 6-day from older blood samples. A subsequent study by 
Alshehhi et al. [22] focused on semen and saliva stains and found that 
mRNA molecules specific to these body fluids showed a unique degra-
dation pattern over a period of one year, whereas miRNAs and the U6 
reference gene were shown to be stable. The relative expression ratio 
was suggested as a potential method for TsD estimation. 
Most notably, the introduction of massively parallel sequencing 
(MPS) has enabled the shift from utilizing small numbers of RNA 
markers to exploring and using the full range of RNA sequencing tran-
scripts for TsD estimation. However, the low quantity and quality of 
RNA in forensic samples poses a genuine challenge in practice. Never-
theless, Lin et al. [23] successfully sequenced total RNA from forensi-
cally relevant body fluids (blood, menstrual blood, oral mucosa/saliva 
and vaginal secretion) and assessed the global gene expression levels 
over time. It was shown that sequencing reads with relatively good 
quality (85% of reads had a Q score >30) can be obtained from both 
fresh and aged (two and six weeks old) samples. Recently, Weinbrecht 
et al. [24] assessed the global abundance and degradation pattern of 
mRNA in blood, saliva, semen and vaginal secretion samples, across a 
one year interval. The abundance of the different transcripts decreased 
over time but at different rates. 
In recent years, microbial forensics has emerged as a new research 
area [25–27]. Bacteria colonize vast areas of the human body such as 
skin, the gastrointestinal and urogenital tracts and the oral cavity. 
Overall, the number of human and bacterial cells in the human body are 
estimated to be similar [28,29]. However, human body sites display 
large variability in the density as well as the composition of microor-
ganisms. In fact, studies analyzing the human microbiome have revealed 
that different body sites harbor very distinctive bacterial communities, 
allowing for body fluid identification based on microbial communities 
[26,30]. Several bacterial markers have been proposed for the identifi-
cation of vaginal secretion [31–33], saliva [34,35] and feces [36]. 
Traditionally, hypervariable DNA regions of the 16S-rRNA gene are 
sequenced and used to analyze the bacterial composition of samples 
[13]. In order to distinguish body sites using such datasets, different 
statistical approaches have been proposed. For instance, Hanssen et al. 
[14] showed that a combination of principal component analysis (PCA) 
and linear discriminant analysis (LDA) can successfully be used to 
differentiate samples from saliva being deposited on skin and samples of 
skin only. In addition, Tackmann et al. [43] have shown that machine 
learning algorithms trained on large heterogeneous datasets provide 
high accuracy when predicting body fluids, not only from single source 
samples but also from mixtures generated in-silico. In another study, 
Hanssen et al. [15] developed a prediction model using partial least 
squares (PLS) in combination with LDA using data from the Human 
Microbiome Project for the identification of samples originating from 
the oral, nasal and vaginal cavity as well as skin and feces. 
The human microbiome not only varies across body sites but also 
across individuals, across intrinsic conditions (e.g. diet, medication and 
diseases), and across environmental/extrinsic conditions [36–42, 
44–46]. While intrinsic conditions have been explored extensively, little 
is known about the changes in microbial composition over time once a 
sample is exposed to the environment outside the human body. Since 
samples collected at crime scenes are subjected to the extracorporeal 
environment and are stored for some time before analysis, the compo-
sition of the microbial community might change with time, depending 
on environmental conditions. Dobay et al. [16] collected samples of 
forensically relevant body fluids (blood, saliva, skin, semen, menstrual 
blood and vaginal secretion) and assessed the microbial composition 
directly after collection and after one month. They found that charac-
teristic signatures allowing the identification of the body site could be 
obtained even after prolonged storage time. Subsequent studies by 
Diez-Lopez et al. [47,48] also indicate the stability and reliability of such 
signatures over longer periods of time when the samples were stored at 
4 ◦C as well as room temperature for up to seven years. 
Microbial sequencing for body fluid prediction has already been 
applied to the investigation of two criminal cases in the Netherlands 
[49]. In these two cases, human STR profiling and microbial population 
profiling were applied to the same trace sample in order to simulta-
neously investigate the donor as well as the bodily origin of the sample. 
In both cases, the analyses were helpful in the court proceedings, and the 
suspect was eventually convicted. 
In a recent study, we published an optimized RNA-Seq workflow for 
forensic samples (blood, menstrual blood, saliva, semen, skin and 
vaginal secretion) [50]. Body fluid specific bacterial signatures could be 
identified in fresh and aged samples. In addition, aged samples showed a 
higher level of RNA degradation and decreased bacterial diversity. The 
aim of this study was to gain further insights into the changes of mi-
crobial communities of forensically relevant body fluids over time and to 
determine the utility of microbial RNA markers for TsD estimation. 
Blood, menstrual blood, saliva, semen, and vaginal secretion samples 
were exposed to different environmental conditions (indoor, dry, room 
temperature versus outdoor, exposed to the environment but protected 
from rain). Total RNA was analyzed at seven different time points (time 
point 0/deposition, 1 day, 7 days, 4 weeks, 6 months, 1 year, 1.5 years). 
The microbial composition at different taxonomic levels was assessed 
across all time points, for indoor and outdoor conditions. To our 
knowledge, this is the first study evaluating microbial markers for TsD 
estimation and in particular microbial RNA markers. In a parallel 
manuscript, we assessed the degradation of human mRNA transcripts 
over time as an indicator of the time since deposition in biological crime 
scene traces [51]. 
2. Material and methods 
2.1. Body fluid samples 
Forensically relevant body fluids (blood, menstrual blood, saliva, 
semen, vaginal secretion) were collected on sterile cotton swabs (Milian, 
Nesselnbach, Switzerland). Menstrual blood and vaginal secretion were 
self-collected from the vagina directly on swabs by the donors. Semen 
and saliva were self-collected in sterile tubes, and 50 µl each were 
spotted on the swabs in the laboratory. Blood was collected by veni-
puncture into EDTA coated tubes and 50 µl were directly pipetted onto 
the swabs. The chemical EDTA is a chelating agent, shown to inhibit the 
growth of biofilms and disrupt gram-negative bacterial cell walls [52, 
53]. It must be noted, however, that the samples were kept in the 
EDTA-coated tubes very briefly, before being pipetted onto swabs. Thus, 
we expect EDTA to have had a minimal influence on the microbial 
composition of the samples. 
Three biological replicates were collected for each body fluid (i.e. 
from three individuals). In total 12 different donors participated in the 
study, each providing a sample from only one body site, with the 
exception of three participants. Of these three, two provided both saliva 
and menstrual blood samples, and one provided both venous blood and 
vaginal secretion. For blood, saliva and semen samples, entire swabs 
were utilized for the RNA extraction. For vaginal secretion and 
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menstrual blood samples, only ½ of the cotton tip of a swab was removed 
at a given sampling time point and used for RNA extraction. The samples 
were exposed to two different environmental conditions: (1) indoors, at 
room temperature in a dark and dry place (in a cupboard), (2) outdoors 
on the flat rooftop of the institute building (exposed to sun and wind but 
protected from rain). The samples were put in place in March–April for 
up to 1.5 years. A park with trees and a forest in close proximity sur-
rounds the institute building. Residential areas with gardens are about 
500 m away. RNA was extracted immediately after sample collection 
(time point 0/deposition) and after 1 day, 7 days, 4 weeks, 6 months, 1 
year and 1.5 years. This sampling scheme resulted in a total of 210 
samples: for each of the 5 body fluids, we had 3 different donors, 7 time 
points, and 2 environmental conditions. The sampling was approved by 
the local ethics commission (KEK), with a declaration of no objection 
(No. 24-2015). 
Negative controls, comprising swabs without any sampled fluid, 
were also included: one sample processed right away without aging, and 
another two exposed for 4 weeks, in either indoor or outdoor conditions, 
resulting in a total of three negative controls. 
2.2. RNA extraction and library preparation 
During a previous study, we developed an RNA-Seq workflow, which 
was shown to be suitable to identify human as well as body fluid specific 
bacterial signatures [50]. The same workflow has been applied in the 
present study. The cotton tips of the swabs were peeled off the wooden 
handles using a new scalpel blade for each sample. RNA was extracted 
using the ReliaPrep™ RNA Cell Miniprep kit (Promega, Dübendorf, 
Switzerland). We used the protocol for > 5 × 105 to 2 × 106 cells ac-
cording to the manufacturer’s instructions, with the following modifi-
cations: stains were incubated in lysis buffer for two to three hours at 56 
◦C. The final elution volume was 30 µl. RNA quantity was assessed using 
the QuantiFluor® RNA HS System (Promega) according to the manu-
facturer’s protocol. 
Total RNA libraries were constructed using the Trio RNA-Seq kit 
(Nugen, Leek, The Netherlands) according to the manufacturer’s pro-
tocol. The kit is optimized for low input and challenging samples, suit-
able to generate sequencing libraries from total RNA (universal priming) 
[54]. No ribosomal depletion was performed. Fifty ng RNA in 10 µl was 
used as input volume; where this amount could not be reached, 10 µl 
extract was used regardless of concentration. Libraries were quality 
checked on the TapeStation 4200 (Agilent Technologies, Santa Clara, 
USA). Libraries generated from fresh, 1 day, 7 days and 4 week-old 
stains were sequenced on the Illumina HiSeq 4000 platform, while 6 
months, 1 and 1.5 year old samples were sequenced on the Illumina 
NovaSeq 6000 platform. For the HiSeq 4000, the normalized sequencing 
libraries were clustered at 8 pM with the TruSeq SR Cluster kit on a 
v4-cBOT HS (Illumina, California, San Diego) and sequenced using the 
TruSeq SBS kit with 1 × 125 bp reads and a single barcode (8 bp). 
NovaSeq 6000 sequencing was performed with the NovaSeq 6000 re-
agent kits and flowcell (v1) with a starting concentration of 1.7 pM of 
the pooled sequencing libraries and a unique dual barcoding strategy 
generating 1 × 100 bp. Two different Illumina platforms were used 
because the Illumina HiSeq 4000 platform at our sequencing facility was 
replaced by the Illumina NovaSeq 6000 platform during the course of 
this project. The data quality of both sequencers are comparable. Single 
read sequencing is a standard method for RNA-Seq, especially for 
degraded samples where the size of sequencing libraries is relatively 
small (insert size ~150 bp). 
2.3. Taxonomic profiles 
Taxonomic assignment of the raw reads was conducted using 
kraken2 [55]. We used a customized database containing not only the 
genomes that are in the standard reference database (bacteria, archaea, 
viruses, human, Univec) but also the genomes of fungi, protozoa and 
plants (see the software documentation at https://github.com/Derri 
ckWood/kraken2/wiki/Manual). This was done to map as many reads 
as possible, and to get an overview of the taxonomic composition in all 
samples. Reads mapping to the Univec library were discarded. The final 
read count table was normalized by dividing the read counts for each 
taxon per sample by the sum of read counts in the respective sample. 
Taxonomic bar plots were produced in R using Version 3.6.1. 
2.4. Regression analysis 
Further investigation of the prokaryotic RNA was conducted with 
regression analyses in order to identify potential bacterial taxa infor-
mative for TsD. The age of a sample was used as the response variable, 
and the taxonomic compositions at a chosen rank were used as pre-
dictors. First, taxa with average read counts below 100 were discarded 
since we have found that kraken2 often assigns a few reads to many taxa 
not present in the samples. Since the taxon signals are relative values, 
summing to 1.0 over all taxa, we transformed these data using the 
Centered Log-Ratio (CLR) transform, which is a standard procedure for 
such data [56]. We also added 100 pseudo counts to all read counts in 
this process, since the CLR-transform requires nonzero read counts. The 
value 100, both as the threshold for discarding very low abundance taxa 
and pseudo-counts, represents a very small value in this set of read 
counts, and should be modified accordingly for other data sets. The 
number of predictors, i.e. the number of taxa at the chosen taxonomic 
rank, may be large, and most of these are probably without any 
importance for the time effect. To search for a subset of relevant taxa, we 
employed the lasso method [57–60] for variable selection, implemented 
in the glmnet R-package. To avoid overfitting within the data, we con-
ducted this analysis on all body-fluids together, i.e. looking for a generic 
time-effect, and carried out cross-validation, where samples of identical 
age and body-fluid were used as subsets. 
3. Results 
3.1. Data quality 
All except two of the 210 sequenced samples reached the targeted 
40–50 million reads per sample. These exceptions were a fresh semen 
sample and a 6-month-old vaginal secretion sample (indoor condition), 
with 6.98 million reads and 17.8 million reads, respectively. We spec-
ulate that the observed variation may be due to effects introduced 
during the laboratory workflow, not necessarily reflecting biological 
variation. Mapping reads with kraken2 and the customized database 
showed that 78–99.7% of reads in the indoor samples and 82–99.7% 
reads in the outdoor samples could be taxonomically assigned, with the 
largest number of unclassified reads in aged outdoor samples. Between 
4% and 90% reads of the indoor as well as 0.09–81% reads of the out-
door samples were of human origin (Supplementary Figs. 1 and 2). Read 
counts for the negative controls were between one and six million reads 
per sample, much lower than that for body fluid samples (40–100 
million reads) (data not shown). 
3.2. Outdoor samples 
We investigated the taxonomic composition of outdoor samples at 
the domain rank. Blood and semen samples displayed a dominance of 
eukaryotic reads throughout all time points, while this dominance 
became established in menstrual blood, vaginal secretion and saliva 
samples after the 4th week. This shift was accompanied by a general 
decrease in the prokaryotic fraction (Supplementary Figs. 3 and 4). 
When looking at time of deposition (time point 0), we found that up to 
80% of total reads in blood and semen comprised human RNA. In the 
other body fluids, the percentage of human reads reached around 50% 
(menstrual blood, vaginal secretion) and 25% in saliva, at time of 
deposition. We thus excluded human reads in order to focus on the 
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effects of non-human eukaryotic RNA. Our analyses revealed a consis-
tent and marked shift in all samples, with an increase in non-human 
eukaryotic RNA, that is, plants and fungi, as well as a decrease in pro-
karyotic RNA, occurring between 4 weeks and 6 months (Fig. 1). By 1 
year, all samples displayed a dominance of environmental eukaryotic 
reads. In menstrual blood and vaginal secretion samples a donor effect in 
the taxonomic composition was detectable until 4 weeks of age (donor 3 
in menstrual blood and donor 2 in vaginal secretion). The compositional 
shift to the dominance of eukaryotes was more gradual for semen and 
blood compared to the other samples. 
We conducted further analyses on all eukaryotic reads, including 
human data, to identify the most frequent genera present (with total 
number of reads across samples above 1%) (Fig. 2). As observed earlier, 
in all body fluids the human fraction was dominant until 4 weeks. 
Subsequently, a shift from Homo to Quercus and Panicum was observed. 
3.3. Prokaryotic composition of the outdoor samples 
While the prokaryotic fraction exhibits a dramatic reduction over 
time, all samples nonetheless contained bacterial taxa. We expected this 
bacterial fraction to reflect exposure to the environment, with a poten-
tial increase in environmental bacterial RNA and decrease in endoge-
nous bacterial RNA. We thus inspected the bacterial composition in 
greater detail, in order to identify potential patterns across time. 
As observed in Fig. 3, the abundance of the phyla at the time of 
deposition varied across body fluids. Interestingly, however, all samples 
show an increase in the fraction of Actinobacteria across time (Fig. 3 and 
Supplementary Fig. 5). This increase is concurrent with a decrease in 
Proteobacteria in blood and semen samples. In contrast, in menstrual 
blood, vaginal secretion and saliva, the increase in Actinobacteria is 
associated with an increase in Proteobacteria and a decrease in 
Firmicutes. 
3.4. Regression analysis using the prokaryotic fraction in the outdoor 
samples 
To investigate which of the bacterial taxa were most indicative of 
TsD, we conducted a Lasso regression analysis at the order level to select 
a subset of the most influential bacteria (Fig. 4). A total of 26 taxa, that 
together showed high predictive value for TsD (regression coefficient of 
intercept (s0) = 279.65), were identified (Supplementary Table 1), of 
which around 65% were part of Actinobacteria, Proteobacteria and 
Firmicutes. Closer inspection of the taxa revealed that they are not 
associated with the body fluid but rather with the environment. 
3.5. Indoor samples 
Indoor samples displayed different patterns in the relative fractions 
of eukaryotic, prokaryotic and viral RNA, compared to outdoor samples. 
While blood and semen samples were dominated by eukaryotic RNA 
throughout the assessed time period, prokaryotes were predominantly 
observed in vaginal secretion, menstrual blood as well as saliva (Sup-
plementary Fig. 4). The exceptions were one vaginal secretion sample 
and one menstrual blood sample, where eukaryotic RNA was dominant. 
Fig. 1. Taxonomic bar plots of outdoor samples at domain level. The relative abundance of taxa is shown on the y-axis. On the x-axis, the samples for each of the 
three donors are shown, across the different time points. Human reads have been excluded. (For interpretation of the references to color in this figure, the reader is referred 
to the online version of this article.) 
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As with the outdoor samples, we explored the non-human eukaryotic 
fraction further. After removal of human RNA reads, most samples 
exhibited less variation over time (Fig. 5). Particularly saliva samples 
consistently exhibited a very high number of prokaryotic reads 
throughout all time points. In blood and semen samples, the 6-month old 
samples stood out with a sudden increase in the prokaryotic fraction. 
This may represent a technical artifact rather than a biological effect. 
Data inspection revealed that rRNA counts for these samples were much 
higher than in samples previously prepared for the present study. The 
special amplification strategy in the Trio RNA-Seq kit (single primer 
isothermal amplification (SPIA) technology) reduces the rRNA content 
of the samples by preferentially priming and amplifying non-ribosomal 
RNA. While the kit had not expired after 6 months, it is possible that its 
prior usage and storage had an adverse effect on the reagents’ quality 
and the subsequent sequencing outcome. 
In the case of menstrual blood, for one donor, there was an increase 
in the eukaryotic composition at 1.5 years. A donor effect could be 
observed for donor 3 in menstrual blood and donor 2 in vaginal secre-
tion. Otherwise, the samples displayed relatively stable compositions. 
3.6. Prokaryotic composition of the indoor samples 
The prokaryotic fraction of the indoor samples was assessed at the 
phylum level. We found that blood and semen were dominated by 
Proteobacteria (Fig. 6). After 1 year, Actinobacteria increased and 
started to dominate, while the abundance of Proteobacteria decreased. 
Menstrual blood and vaginal secretion were dominated by Firmicutes 
across all investigated time points. A donor effect could be observed for 
donor 1 and 3 in menstrual blood and donor 2 in vaginal secretion. 
Saliva showed a more diverse combination of phyla with only small 
changes across the 1.5 years. 
3.7. Regression analysis using the prokaryotic fraction in the indoor 
samples 
Compared to the outdoor samples, no distinct change in the domain- 
level taxa of indoor samples could be observed. We also used a Lasso 
regression analysis for the selection of a smaller subset of bacterial or-
ders that are most indicative of TsD (Fig. 7, Supplementary Table 2). In 
total, 32 bacterial orders were found to be highly informative (regres-
sion coefficient of intercept (s0) = 149.87), of which 8 have also been 
identified in the outdoor samples. Approximately 62% of these bacterial 
orders are part of the Actinobacteria, Proteobacteria and Firmicutes 
phyla, which were also found to be indicative of TsD in outdoor samples. 
Closer inspection of the 32 orders revealed that these are mostly envi-
ronmental rather than endogenous bacteria. 
3.8. Negative controls 
The negative controls yielded bacterial RNA reads, although a much 
smaller number compared to the body fluid samples. The bacteria 
identified in the indoor 4 week negative control are more characteristic 
of the laboratory environment than of any body fluid. Hence, we suspect 
that these bacteria were introduced on our samples by the laboratory 
Fig. 2. Analysis of the eukaryotic genera composition of outdoor samples across time. Eukaryotic genera (with total number of reads across samples above 1%) are 
shown on the y-axis as a fraction of the total eukaryotic reads. On the x-axis, the samples for each of the three donors are shown, across the different time points. (For 
interpretation of the references to color in this figure, the reader is referred to the online version of this article.) 
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environment. In the 4 week old outdoor negative control, we found 
signatures for Quercus (54% of eukaryotic reads), Panicum (22% of 
eukaryotic reads), Olea (13% of eukaryotic reads), Cercospora (3% of 
eukaryotic reads), confirming that these must have been introduced by 
air onto our samples. 
3.9. STR analysis 
It is worthwhile to note that TsD estimation is most useful for sam-
ples for which STR profiling is also possible. From the indoor samples 
retrieving full STR profiles is not expected to be problematic, even after 
20 years or more [61,62]. However, the outdoor samples were subjected 
to harsh environmental conditions including storms, snow and UV light. 
Thus, we checked whether we could recover human DNA from a set of 
additional samples that were aged outdoors for even longer than the 
samples processed in this study (back-up samples), for a total of 2.5 
years. We found that most samples (blood, menstrual blood, semen and 
vaginal samples) except for saliva yielded almost full STR profiles that 
matched the reference STR profiles of the different donors (data not 
shown). 
4. Discussion 
Determination of TsD is a desired addition to the current forensic 
toolbox and will aid investigators and courts of justice in assessing the 
relevance of biological traces. It is expected to contribute to a more 
accurate identification of true perpetrators as well as to clear the 
wrongfully accused. To date, there is no reliable method available to 
estimate the age of stains deposited at crime scenes despite efforts being 
made in this field of work. The aim of our study was to determine the 
utility of microbial RNA markers for TsD estimation. Hence, we exam-
ined RNA-Seq data from blood, menstrual blood, saliva, semen, and 
vaginal secretion over seven time points, ranging from fresh to 1.5 years. 
One set of samples was stored indoors, the other set was exposed to the 
outdoor environment. The microbial composition at different taxonomic 
levels was assessed across all time points for outdoor and indoor 
conditions. 
Inspection of the taxonomic composition of both outdoor and indoor 
samples at the domain level (Figs. 1 and 5) as well as at the phylum level 
(Figs. 3 and 6) indicated that the five investigated body fluids can be 
categorized into three groups based on similarity: (a) blood and semen, 
(b) menstrual blood and vaginal secretion and (c) saliva. This finding is 
most likely due to the origin of the different body fluids and their 
respective microbial composition. For example, blood and semen from 
healthy individuals contain a minimal bacterial fraction, while the 
bacterial load of menstrual blood, vaginal secretion and saliva is high 
under normal conditions. Menstrual blood and vaginal secretion are 
more similar to each other due to their common body site of origin. 
Overall, in outdoor samples there was a shift from prokaryotes to 
non-human eukaryotes between 4 weeks and 6 months (Fig. 1). This 
change is driven primarily by the increase of Quercus (Oak tree) and 
Panicum (switch grass) in all samples (Fig. 2). Oak trees are common in 
Fig. 3. Overview plots of outdoor samples at phylum level (prokaryotes only). The relative abundance of the different phyla is shown on the y-axis. On the x-axis, the 
samples for each of the three donors are shown, across the different time points. (For interpretation of the references to color in this figure, the reader is referred to the 
online version of this article.) 
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Fig. 4. Observed age of the outdoor samples (y-axis) versus predicted (fitted) age (x-axis). The plot is based on the 26 taxa at order rank selected by lasso to be good 
age predictors. (For interpretation of the references to color in this figure, the reader is referred to the online version of this article.) 
Fig. 5. Taxonomic bar plots of indoor samples at domain level. The relative abundance of taxa is shown on the y-axis. On the x-axis, the samples for each of the three 
donors are shown, across the different time points. Human reads have been excluded. (For interpretation of the references to color in this figure, the reader is referred to the 
online version of this article.) 
A.P. Salzmann et al.                                                                                                                                                                                                                           
Forensic Science International: Genetics 53 (2021) 102537
8
Fig. 6. Overview plots of indoor samples at phylum level (prokaryotes only). The relative abundance of the different phyla is shown on the y-axis. On the x-axis, the 
samples for each of the three donors are shown, across the different time points. (For interpretation of the references to color in this figure, the reader is referred to the 
online version of this article.) 
Fig. 7. Observed age of the indoor samples (y-axis) versus predicted (fitted) age (x-axis). The plot is based on the 32 taxa at order rank selected by lasso to be good 
age predictors. (For interpretation of the references to color in this figure, the reader is referred to the online version of this article.) 
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the park surrounding the university building, where the study was 
conducted. The presence of switch grass was unexpected at first because 
it is not native to the area, but we discovered that it is commonly utilized 
for decorative purposes in gardens. The body fluid samples were placed 
outdoors in March / April. Oak trees blossom around April to May, while 
switch grass starts to blossom in August. In addition, signatures of Olea 
(Olive tree) and Cercospora (ascomycete fungi) were identified. Inter-
estingly, the pollen from Olea species has been found to travel long 
distances. For instance, Olea europea pollen most likely originating in 
Italy has been detected in Hungary [63]. Our results indicate, therefore, 
that outdoor samples contain not only environmental RNA from the 
immediate vicinity but possibly also from more distant locations, for 
example as a result of pollen transportation from other areas. Overall, 
we hypothesize the increase in environmental RNA to be useful as a first 
indicator for sample age, particularly if signatures specific to the sample 
location can be identified. It is, however, important to note that these 
signatures may change across seasons. Overall, further studies are 
needed in order to verify these findings and also to further assess the 
effect of different seasons and conditions on the samples. 
When focusing on the prokaryotic fraction, we found three phyla that 
were of particular interest: Proteobacteria, Firmicutes and Actino-
bacteria. In outdoor samples, all three were detected in all body fluids 
across time but their abundance was body fluid specific and subject to 
change over time (Fig. 3 and Supplementary Fig. 5). This finding could 
potentially be used to develop qPCR or targeted MPS assays, where 16S- 
rRNA gene regions from these three phyla are analyzed. By computing 
the relative fractions of Proteobacteria, Firmicutes and Actinobacteria in 
the stain, its age might be estimated. From a forensic point of view, a 
targeted approach rather than a whole transcriptome approach would 
be beneficial, given that targeted sequencing requires less biological 
material, is cheaper, less labor intensive, and computationally simpler. 
Therefore, our observations will have to be confirmed with a targeted 
assay using more samples. Importantly, it will be necessary to determine 
whether the patterns hold across studies and geographical locations. 
Compared to the outdoor samples, the composition of indoor sam-
ples showed less variation, both at the domain level (Fig. 5) as well as at 
the phylum level (Fig. 6), across the entire 1.5 year period. Our results 
are in agreement with a previous study that examined forensically 
relevant body fluid samples exposed to indoor conditions for 4 weeks. 
The study found that the exposed samples continue to harbor a char-
acteristic microbial composition allowing for body fluid determination 
[16]. Our study suggests that the microbial composition is stable for a 
much longer period of time, thus providing greater evidence for the 
utility of bacterial signatures as an alternative approach for body fluid 
identification [3,64]. 
While bacterial signatures are overall stable, there are changes in the 
prokaryotic composition nonetheless. In this study we carried out Lasso 
regression analyses for indoor and outdoor samples to identify the 
bacterial orders changing most over time. A total of 26 taxa for outdoor 
samples (Fig. 4 and Supplementary Table 1) and 32 taxa for indoor 
samples (Fig. 7 and Supplementary Table 2) were found to be the 
smallest subsets of predictive taxa. Closer analysis of the selected taxa 
for both conditions revealed that they most probably originate from the 
environment, and increase in abundance over time in the samples. A 
large proportion of the taxa identified are characteristic of soil. Others 
were found to be from the Holosporales order, which comprises intra-
cellular bacteria associated with protists and invertebrates. We also 
found small numbers of human, animal or plant pathogens (e.g. 
Legionellales or Burkholderiales). In addition to terrestrial bacteria, we 
also found taxa associated with marine environments. While this phe-
nomenon may seem surprising, it is not unknown. For example, Evans 
et al. [65] were able to detect marine microbes in the fog of the Namib 
Desert (Namibia), which they explained was a result of the potential of 
fog to act as a transportation vector for microbial species. Given that 
several studies have demonstrated that bacteria can propagate by air 
over long distances [66,67], it is not unusual to detect their presence in 
the outdoor samples. In indoor samples too we find environmental 
bacteria. These may not necessarily be characteristic of a laboratory; 
rather, the bacteria may have entered the building from outside or have 
their origin in the soil of different plants kept in the room. It has been 
shown that airborne bacteria from the outdoor environment can be 
introduced into a house through open windows and doors as well as the 
ventilation system [68]. For example, in a study of indoor bacterial 
communities by Meadow et al., the authors detected changes that fol-
lowed those occurring in outdoor communities, albeit after a time lag 
that was dependent on the ventilation (mechanical or natural) of the 
room [69]. In addition, we suspect that the detected changes in both 
outdoor and indoor samples are, to a certain extent, site-specific. 
Therefore, further experiments have to be performed to gain more in-
sights into the time dependent changes of microbial communities at 
different locations. Interestingly, the small number of bacterial RNA 
reads found in the negative controls also suggests that bacteria trans-
ported through air deposit on samples. The indoor and outdoor negative 
controls contained environmental taxa that were also found on the aged 
body fluid samples in that specific condition. 
When taking into account the different domains, we found a very 
prominent time effect in the outdoor samples, which was due to a shift 
from prokaryotes to non-human eukaryotes after 6 months. After this 
time point, the samples were dominated by the genera Quercus and 
Panicum, which are characteristic for the environment the samples were 
exposed to in this study. The composition of indoor samples showed less 
variation, both at the domain level as well as at the phylum level, across 
the entire 1.5 year period. Nevertheless, for both indoor and outdoor 
samples, we were able to identify bacterial orders suitable as predictors 
for TsD. We would like to highlight that the observed changes across 
time are not due to changes in bacteria specific to a certain body fluid 
but due to accumulation of bacteria from the environment. Therefore, 
the age of a stain may be determined by analyzing the accumulation of 
environmental RNA, which distorts the taxonomic composition of the 
body fluids. Given that we have good knowledge on taxa specific to 
human body fluids, we may in principle be able to detect this change, 
and use it as a “clock” to determine TsD. A similar approach is used to 
diagnose patients suffering from inflammatory bowel disease (IBD), 
where the deviation from a “normal” healthy gut microbiome (dysbio-
sis) is detected [70]. Such an approach could also be used to estimate the 
age of a stain. 
Further studies may be able to reveal patterns in the changes of 
endogenous bacteria of body fluids across time. However, such patterns 
may be more complex, depending heavily on temperature, humidity and 
other conditions. Degradation in itself may be very informative for TsD, 
when it leads to consistent time-dependent patterns. In a recent analysis 
of the degradation pattern of human mRNA in forensically relevant body 
fluids, the researchers found that the 5’end of the transcripts degraded 
faster than the 3’end [21]. A qPCR approach assessing the degradation 
pattern of four selected blood transcripts showed promising results in 
determining TsD. It was shown that the age of a sample can be estimated 
with an accuracy of about two to four weeks, if the sample is younger 
than six months, while samples with an age of six month to one year can 
be estimated with an accuracy of four to six weeks. Hence, in depth 
analyses of the degradation pattern of bacterial RNA transcripts origi-
nating from body fluid specific bacteria might be a potential approach to 
look for time dependent changes and TsD estimation. 
In this study, the Lasso regression analyses were conducted across all 
body fluids, enabling the selection of a set of bacterial orders useful for 
TsD estimation across different sample types. Thus, prediction could be 
conducted without prior knowledge of the bodily origin of the stain. It 
would be interesting, however, to conduct these regression analyses on 
each body fluid individually, for application to cases where the bodily 
origin of the stain is known. These analyses would require larger sample 
sizes and potentially also data from diverse research groups and 
geographical locations, in order to avoid overfitting. 
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5. Conclusion 
The aim of our study was to determine the utility of microbial RNA 
markers for TsD estimation. We found that the observed changes in the 
microbial composition of body fluid stains across time are mainly due to 
accumulation of bacteria from the environment rather than to changes 
associated with body fluid specific bacteria. However, both aspects 
could be used for TsD estimation. Orders of these environmental bac-
teria could be evaluated for TsD prediction, considering the location and 
environment of the crime scene. In addition, the degradation pattern of 
bacterial RNA transcripts originating from body fluid specific bacteria 
might be a potential approach to look for time dependent changes and 
TsD estimation. The data generated within the present study will serve 
as a basis to further evaluate the effect of different environments and 
locations on the microbial composition of forensically relevant body 
fluids. Ultimately, we aim to establish simple methods (e.g. qPCR or 
targeted MPS) for the estimation of TsD in forensic stains. Based on our 
previous study [50], RNA-Seq data is also suitable for body fluid iden-
tification. Therefore, microbial RNA analysis would allow for simulta-
neous TsD prediction as well as body fluid identification. It has 
previously been shown that DNA and RNA can be co-extracted from the 
same samples [71–75]. In addition, this method can be applied to 
casework samples to simultaneously identify the donor and the origin of 
a stain [76]. Hence, we envision that once suitable markers have been 
selected, individual identification, body fluid identification and TsD 
determination should be possible out of the same stain material. 
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